This study was conducted to assess the bacteriological quality of alternative drinking water supply options in southwest coastal areas of Bangladesh. A total of 90 water samples were collected during both dry and wet seasons from household based rainwater harvesting systems (RWHSs), community based rain water harvesting systems (CRWHSs), pond-sand filters (PSFs) and ponds. The samples were evaluated for faecal coliform, Escherichia coli and Heterotrophic Plate Count, as well as Vibrio cholerae, Salmonella spp., Shigella spp. and Pseudomonas spp. Physico-chemical parameters (pH, electrical conductivity, and color) were also examined. In addition, sanitary inspections were conducted to identify faecal contamination sources. All options showed varying degrees of indicator bacterial contamination. The median E. coli concentrations measured for RWHSs, CRWHSs, PSFs, and ponds were 16, 7, 11, and 488 cfu/100 ml during the wet season, respectively. Vibrio cholerae O1/O139, Salmonella and Shigella spp. were not found in any samples. However, Vibrio cholerae Non-O1/Non-O139 and Pseudomonas spp. were isolated from 74.4% and 91.1% of the water samples collected during the wet season. A maximum pH of 10.4 was found in CRWHSs. Estimation of the disease burden for all options in disability adjusted life years (DALYs) showed an increased disease burden during the wet season. According to sanitary inspections, poor maintenance and unprotected ponds were responsible for rainwater and PSF water contamination, respectively.
INTRODUCTION
Coastal areas of Bangladesh comprise an area of 47,211 km 2 , which is about 32% of the country's geographical area. In addition, 35 million people, or 28% of the country's total population, live in coastal areas (BBS ). In terms of administrative consideration, 19 out of 64 districts are considered coastal districts. These districts have been identified as problematic areas in which complex hydro-geological conditions and adverse water quality make it difficult to supply drinking water when compared to other parts of the country. There are certain areas in the coastal districts where shallow and deep tubewells are not useful due to high salinity in groundwater. In many places in these areas, rainwater is preserved in natural reservoir ponds and collection of rainwater is the only source of drinking water (Ahmed & Rahman ; Kamruzzaman & Ahmed ) .
The proportion of rain-fed pond water and other alternative options for drinking purposes used in the three southwestern coastal districts (Bagerhat, Khulna and Satkhira) varies from 23.1 to 34.1%, while the national average is 3% currently available in southwest coastal areas of Bangladesh are household based rainwater harvesting systems (RWHSs), community based rainwater harvesting systems (CRWHSs), pond-sand filters (PSFs), and rain-fed pond water. Thus, the current water supply options are mainly dependent on rainwater. For RWHSs and CRWHSs, corrugated iron (CI) sheet roofs are commonly used as catchment areas. In the case of RWHSs, the water collection tanks are mainly plastic, ferrocement and burnt clay pots (Motkha), while CRWHS tanks are made of reinforced cement concrete (RCC) or ferrocement.
PSFs are small scale slow sand filtration units used to treat rain fed pond water.
In coastal areas of Bangladesh, the government is currently promoting community based water supply options such as PSFs and CRWHSs since these are considered to be the safe options for drinking water. However, few areas have such facilities. Additionally, people generally use rain fed pond water during the dry season because most households do not have a tank large enough to provide year round rain water storage. As a result, individuals drink pond water, which is often microbially unsafe (Frisnie et al. ) . Previous studies have also shown that pond water in Bangladesh is heavily contaminated with faecal coliforms and other pathogenic bacteria (Islam et There were three specific goals of this study: (1) to evaluate the prevalence of bacterial contamination and physicochemical water quality; (2) to estimate the health risk associated with currently available water supply options; and (3) to estimate the relationship between sanitary risk factors and faecal contamination.
MATERIALS AND METHODS

Study area and sampling
Water samples were collected from the Dacope and Mongla Upazilas (sub-district) of the Khulna and Bagerhat districts located in the southwest coastal areas of Bangladesh (Figure 1 ). Samples were collected from RWHSs, CRWHSs, PSFs, PSF ponds and ponds. We collected water from both PSFs and PSF ponds to examine the removal efficiency of bacteria by PSFs. For RWHSs, plastic and ferrocement tanks were considered in the present study.
A total of 90 water samples were collected (Table 1) 
Detection of indicator bacteria
For enumeration of FC and Escherichia coli, 100 ml water samples were filtered through a 0.22 µm pore-size membrane filter (Millipore Corp., Bedford, MA, USA), and the filters were then placed on membrane faecal coliform (mFC) and m-TEC agar plates, respectively, following procedures that have been described elsewhere (APHA ;
Islam et al. ). The mFC plates were incubated at 44 W C for 18 to 24h to enumerate the faecal coliforms and the mTEC agar plates were incubated at 35 + 0.5 W C for 2 h followed by further incubation at 44.5 + 0.2 W C for 22-24 h to enumerate the E. coli. Characteristic blue colonies were counted as FC and red or magenta colonies were counted as E. coli. All samples were expressed as colony forming units (cfu) per 100 ml. The samples were tested for heterotrophic plate count (HPC) using a previously described method (Islam et al. ) .
Isolation of pathogenic bacteria
For qualitative analysis of Vibrio cholerae, 50 ml water samples were enriched with 25 ml triple strength alkaline peptone water (APW) and incubated for 6 h at 37 The selected colonies were then confirmed based on their colonial characteristics after transferring the same colony to fresh TCBS and CV agar plates using sterile toothpicks.
Following overnight incubation at 37 W C, characteristic colonies of V. cholerae were selected and further characterized using a previously described procedure (Islam et al. ) .
Briefly, strains were only identified as V. cholerae if they fulfilled the following criteria: Gram negative, oxidase positive, produced acid from sucrose but not inositol and decarboxylated lysine and ornithine but not arginine. Strains were serotyped according to the procedure described by Kelly
For the qualitative analysis of Shigella, Salmonella and 
RESULTS
Indicator bacterial contamination Table 2 shows the concentration of FC, E. coli and HPC in samples. The mean, median, minimum and maximum concentrations for each option in dry and wet seasons are shown. Figure 2 is the box and whisker plot of distributions of the concentration of E. coli.
The findings presented in Table 2 and Figure 2 are as follows:
• Both mean and median E. coli concentrations for ponds were very high when compared with other options. The mean and median FC concentrations for ponds were also highest during both seasons.
• The pond water had the widest interquartile range of E. coli concentrations during the wet season, with 25th and 75th
quartiles of 260 and 1000 cfu/100 ml, respectively ( Figure 2 ). Conversely, other drinking water options showed comparatively narrow interquartile ranges.
• In CRWHSs and PSFs, there were significant differences in the mean E. coli and FC concentrations between the dry and wet season (p , 0.05). Samples from CRWHSs and PSFs tend to be more polluted during the wet season.
Conversely, differences between dry and wet seasons
were not significant in RWHSs and ponds.
• The minimum concentrations of E. coli and FC for RWHSs and CRWHSs during both seasons were less than 1 cfu/100 ml, which indicates that harvested rainwater can ensure good microbial quality.
• Higher HPC concentrations were found in all options during both seasons; however, the greatest median concentration of HPC was observed in PSF water.
• According to the World Health Organization's guidelines, drinking water with a concentration of FC or E. coli larger than 0 cfu/ml is classified as 'unacceptable' (WHO ). however, some PSFs showed higher FC and E. coli levels than the PSF ponds and were therefore considered as 0% removal for estimating the removal efficiency. The removal efficiency of indicator bacteria by PSFs is shown in Table 4 .
Specifically, the E. coli removal by the PSFs was about 83% during the dry season, but only 76% during the wet season.
For FC, the removal efficiency was about 71% and 74%
during the dry and wet seasons, respectively. The removal of FC and E. coli by PSFs was not sufficient to meet drinking water standards in either season.
Pathogenic bacterial contamination
Vibrio cholerae Non-O1/non-O139 were isolated from about 95% (37/39) of the pond samples during both seasons (Table 5 ). For RWHSs, CRWHSs, and PSFs, the proportion of samples containing V. cholerae Non-O1/non-O139
increased from 20% to 35%, 29% to 57% and 47% to 100%, respectively, during the wet season. However, no toxigenic V. Cholerae O1/O139 or Salmonella and Shigella spp.
were isolated from any of the samples. In general, isolation of Pseudomonas spp. increased from 10% (9/90) to 91%
(82/90) during the wet season.
Physico-chemical characteristics
A summary of the physico-chemical data for the water samples is shown in The average EC value for ponds and PSFs were found to be more than 1000 μS/cm during both seasons. For RWHSs, CRWHSs, and ponds, EC varied significantly between seasons (p , 0.05). During the dry season, the water color was found to be very high for ponds and PSFs. Better water color was observed during the wet season for all of the water options. The PSFs showed significant variation in color between seasons (p , 0.05).
Health risk assessment
The results of lower (5th percentile), median and upper (95th Tables 7 and 8 .
If the odds ratio (OR) is greater than 1, the corresponding factor has an effect on the E. coli concentration. In this study, two thresholds were introduced, E. coli ,1 cfu/100 ml and E. coli 10 cfu/100 ml. These thresholds were selected because ,1 cfu/100 ml is compliant with the WHO guidelines for Drinking Water Quality, and the use of 10 cfu/ 100 ml has been suggested by the WHO as an appropriate relaxation for small water supplies (WHO ). Table 7 shows the results for RWHSs and CRWHSs. Two risk factors were found to be significantly associated with the E. coli concentration .0 cfu/100 ml for RWHSs and CRWHSs: water collection from the tank manually, and no first flushing.
When the threshold was 10 cfu/100 ml, water collection from the tank manually, and no first flushing were found to be significantly related to the E. coli concentration at the 1% level for both RWHSs and CRWHSs, whereas storage tank not clean, and gutter dirty or blocked showed a relationship with E. coli concentration at the 5% level for CRWHSs. Table 8 shows the results for PSFs. When the threshold was 10 cfu/100 ml, a significant relationship with polluted stream flows into the pond and latrine within 10 m from the pond was found at the 5% level. In contrast, when the threshold was ,1 cfu/100 ml, no risk factor was found to be significantly related to the E. coli concentration. 
DISCUSSION Water quality of ponds and PSFs
The worst bacterial quality was found in ponds, which are the principal drinking water option during the dry season.
Environmental circumstances around the drinking water options are also very important considerations for keeping the options safe. During field surveys, almost all of the ponds were found to be affected by surface runoff, and some were used for washing and bathing purposes. It is likely that the high level of contamination is due to the flow of poorly disposed faecal matter into the ponds. The association between E. coli and polluted stream flows into () demonstrated that distribution lines in households and household taps can increase the HPC level dramatically for both surface and groundwater supply. However, further research is required to identify the sources of contamination.
V. cholerae non-O1/non-O139 were isolated from approximately 95% of the ponds, which revealed the extent of contamination of ponds by potentially pathogenic bacteria. According to field observations, few people treat pond water before consumption; therefore, drinking pond water may cause gastroenteritis and bacteremia (WHO ). In the present study, V. cholerae non-O1/non-O139 were isolated from few PSFs and ponds during the dry season; while, in the wet season almost all samples showed presence of Pseudomonas spp. It seems that the major source for such contamination was surface runoff into the ponds during the wet season.
Water quality of RWHSs and CRWHSs
The CRWHSs appeared to be a comparatively better option according to the water quality data (Table 3) . However, these facilities showed higher microbial contamination during the wet season. In the present study, few samples were found to be acceptable for drinking purposes based on the FC and E. coli counts. Several studies (Lye ; CRWHSs, the dirty storage tank risk factor was found to be related to faecal contamination (Table 7) ; however, the relationship between faecal contamination and this risk factor was not found to be significant for RWHSs. The reason for this difference may have been the size of the tank. Because RWHSs have smaller tanks, they are generally washed more frequently than CRWHSs. During the sanitary inspections, the local residents reported that they do not always wash CRWHSs tank annually. Lack of first flushing during rainwater collection was also a common problem in the study area. However, contamination on the roof was not found responsible factor for RWHSs and CRWHSs.
Conversely, contamination in the absence of first flushing was mainly from the roof and gutter of the collection system. Additionally, we found that water collection from the tank manually can contaminate harvested rainwater.
Therefore, the results of this study clearly demonstrate the importance of proper collection and extraction of rainwater for both RWHSs and CRWHSs. Sanitary inspections were only conducted during the collection of water samples; therefore, repeated inspections may be useful to gain a better understanding of maintenance problems.
The maximum permissible limit of HPC in drinking water is 500 cfu/ml (US EPA ). As a group, organisms identified in heterotrophic plate counts do not present a risk to water consumers, although a HPC .500/ml indicates that more hygienic practices are required to maintain the drinking water quality. In the present study, the highest It should be noted that only diarrhoea records were used to evaluate water-borne diseases because records of other common water-borne diseases such as cholera and typhoid fever were not available. Nevertheless, the information presented here can provide an overall picture of waterborne diseases in the study area.
In the Philippines, the occurrence of diarrhoeal disease was found to increase when the E. coli count per 100 ml of water was greater than 1000. Such levels of contamination in drinking water sources have been identified as the major sources for the transmission of diarrhoeal pathogens (Moe et al. ) . In the present study, 10.25% and 12.82% of the ponds showed E. coli counts .1000 cfu/100 ml in the dry and wet seasons, respectively. The high counts of E. coli in drinking water are obviously a risk for public health. PSF can reduce E. coli and FC significantly; therefore, use of PSF water instead of pond water may reduce diarrhoeal diseases. Indeed, although the FC and E. coli levels did not satisfy the drinking water standard, the use of protected ponds and proper maintenance can improve the removal efficiency.
Health risk
All of the water supply options evaluated in this study showed significantly higher disease burden when compare to rec- 
